Introduction
Pulmonary hypertension (PH) is usually an indicator of pre-or postcapillary resistance to pulmonary blood flow 1 and is less commonly observed in states of high cardiac output (CO). Abnormalities of pulmonary vascular resistance are typically associated with a progressive course characterized by a prolonged latent phase. Symptoms arise when the right ventricle is no longer able to compensate for the increasing pressure. 2 Depending on the degree at which PH progresses, the first indications of decompensation may not appear until late in the course of the disease when disease modifying treatments have reduced efficacy. 3 Currently, PH is only defined in the resting state and is present when the (catheter derived) mean pulmonary artery pressure (mPAP) exceeds 25 mmHg (equivalent to a pulmonary artery systolic pressure, PASP, of >43 mmHg). 4 Echocardiography is an important non-invasive adjunct in the diagnosis of PH. Echocardiographyderived tricuspid regurgitation velocity and other features of increased right ventricular pressure are used to classify the probability of PH as high, medium, or low. 5, 6 Prior to 2009, PH could also be diagnosed during or immediately after exercise. Exercise-induced PH was considered to be present when the mPAP was >30 mmHg (equivalent to PASP >47 mmHg). This definition was removed due to poorly standardized exercise and 7, 8 Insufficient data have emerged since 2009 to increase the acceptance of stress echocardiography (SE) in the diagnostic workup of those with suspected PH in the presence of normal or borderline resting pulmonary pressures.
This research aims to explore the normal range of echocardiographically derived PASP acquired following a standard treadmill stress exercise protocol (Bruce protocol) in a large cohort of patients without underlying cardiac or pulmonary disease. By deriving 95th centile PASP values for different age groups using this simple stress test, we hope to encourage the more widespread use of the technique in the evaluation of those with symptoms and/or risk factors for PH and in doing so detect the disease at an earlier time point where treatment may be more effective.
Methods
We prospectively assessed for enrolment all the subjects referred to our centre for treadmill SE from January 2007 to May 2015. To collect a relatively normal cohort, only subjects who had been referred with atypical (clinically non-cardiac) chest discomfort or asymptomatic individuals sent for risk-factor-based assessment were considered for the study. Of these subjects, any with the following were excluded:
• conditions known to be associated with PH (lung disease, any known heart disease, thromboembolic disease, connective tissue disease, and family history of PH),
• those with evidence of ischaemia or left ventricular systolic dysfunction during the study,
• abnormal findings on echocardiography (including more than mild valvular disease or a resting PASP >35 mmHg),
• those for whom PASP could not be reliably calculated.
All the subjects provided informed consent. All participants were physically active but no athletes were included in the cohort.
Echocardiographic examinations were performed using a commercially available cardiac ultrasound system (Philips iE33). All measurements were made with the participant in the left lateral position at end expiration.
Baseline 2D echocardiographic images were obtained at the parasternum (long-and short-axis views) and apex (4-, 2-, and 3-chamber views). PASP was estimated from the tricuspid regurgitant gradient, calculated from the maximal velocity of the continuous Doppler spectral trace, as 4 Â V 2 þ 5 mmHg (assigned to right atrial pressure). Left atrial pressure was estimated from the ratio of mitral E inflow velocity and the E 0 lateral mitral annulus tissue velocity (E/E 0 ). Ejection fraction (EF) was calculated using the Simpson's bi-plane method of disc summation. All subjects performed a symptom-limited treadmill (GE Healthcare) exercise stress test using the Bruce protocol to a perceived exertion rating of 7 (very intense) to 9 (very, very intense) on the modified Borg scale. A baseline ECG and manual blood pressure was acquired and repeated at 2-min intervals during treadmill exercise and at peak exertion.
At the end of treadmill exercise, participants were transferred directly to the echo examination with 2D and Doppler imaging acquired in the following sequence: apical 2D views, parasternal 2D views, continuous wave Doppler of tricuspid regurgitation, pulse wave Doppler of mitral inflow, and tissue pulse wave Doppler of the lateral mitral annulus. The 2D and Doppler data were stored in digital format and read in duplicate with average values used for analysis. The metabolic equivalents (METs) were standardized for age and gender. 9 
Statistical analysis
Data for the study population and echocardiographic measurements are presented as numbers (percentage) or mean± SD. Echocardiographic measurements at rest and during exercise were compared using the Student's t-test. We were interested in the potential effects of age, gender, body mass index (BMI), standardized METs, and resting PASP on post-exercise PASP (pePASP). The relationship between these clinical and echocardiographic parameters and pePASP was analysed with multivariate analysis (see Supplementary data online, Methods). The effect of resting PASP, age, and gender on pePASP is represented with a box and whiskers plot, with median, 25-75% interquartile range, and outliers due to non-normal distribution. A P-value of 0.05 was considered significant.
Results

Baseline data
In total, 1413 subjects were referred to our centre for SE during the study period and 511 (Age: 53 ± 14 years, women: 68%) were included in the current analysis ( Figure 1) . The subjects were divided into four age groups: <30 years, 31-50 years, 51-70 years, and >70 years. Baseline characteristics are outlined in Table 1 . In terms of cardiac risk profile, 40% (n = 204) were smokers or ex-smokers, 12% (n = 61) had hypertension, 10% (n = 52) were diabetics, and 32% (163) had dyslipidaemia. The mean BMI was 28 ± 6 kg/m 2 .
Exercise data
The mean time to complete post-exercise imaging after stopping the treadmill was 117 ± 18 s. The mean exercise duration for the cohort was 8.7 ± 2.4 min, indicating a standardized workload of 1.1 ± 0.3 METs. The treadmill exercise component of the test was terminated due to general fatigue in 34% (n = 174), dyspnoea in 21% (n = 107), and leg fatigue in 45% (230).
All haemodynamic measures [pulse, systolic blood pressure (SBP), and EF] increased with exercise. For the entire cohort, the pulse rate values increased from 74 ± 9 to 165 ± 17 bpm. The mean percentage of maximal predicted heart rate achieved at end exercise was 99%. The SBP rose by 31% from a resting mean of 125 ± 12 mmHg to a Table 2) .
For the entire cohort there was a significant increase in PASP; from 28 ±4 mmHg at rest to 39 ± 7 mmHg at peak exercise ( Table 3) . PASP was also observed to increase for each age subgroup (Figure 2) . The 95th centile pePASP values for each age group were: <30 years; 46 mmHg, 31-50 years; 50 mmHg, 51-70 years; 52 mmHg, >70 years; 53 mmHg ( Table 3) .
Only 33 (6.5%) individuals in our series reached a PASP > _50 mmHg post-exercise. The pePASP reached a higher value in individuals older than 50 years than in individuals <50 years (36 ± 7 vs. 41 ± 6 mmHg, P < 0.001). A pePASP > _50 mmHg was found in 9% of individuals >50 years old compared with 3% of individuals < _50 years old.
Determinants of PASP at peak exercise
There was a modest independent correlation, on multivariate analysis, between pePASP and (i) increasing age and (ii) resting PASP (r 2 = 0.35 and 0.49, respectively) ( Figures 3 and 4) . There was no correlation between pePASP and gender (P = 0.7) (Figure 5 ), BMI (P = 0.3), or standardized METs (P = 0.2) (see Supplementary data online, Results).
Discussion
Although the use of treadmill SE has been feasible in various cohorts considered to be at risk for the development of PH, interpretation, generalizability, and application are limited by lack of normative exercise echocardiographic standards. 10 This is the largest study to examine pePASP in an essentially normal cohort undertaking treadmill SE (a widely practiced form of stress echo). 1 By performing this study,
we have attempted to establish robust upper limits for pePASP in four representative age cohorts. The upper normal (95th centile) pePASP for our cohort as a whole (53 mmHg) was found to be slightly greater than the previously accepted value of 47 mmHg.
Using an upper limit of 47 mmHg for the diagnosis of PH, 11% (n = 56) of our group would have been misclassified. 11 The previously DM, n (%) 52 (10) 5 (13) 18 (12) 23 (8) 6 (16) HTN, n (%)
61 (12) 3 (8) 22 (14) 24 (9) PASP, mean ± SD (mmHg) 28 ± 4 27 ± 3 26 ± 4 28 ± 5 30 ± 4 pePASP, mean ± SD (mmHg) 39 ± 7 34 ± 6 36 ± 7 40 ± 6 41 ± 6
Increase in PASP, %  41  25  39  42  40   95th Centile, mmHg  53  46  50  52  53 PASP, pulmonary artery systolic pressure; pePASP, post-exercise pulmonary artery systolic pressure; SD, standard deviation. Figure 3 Effect of age on pePASP. The pePASP increased with increasing age (P = 0.02). pePASP, post-exercise pulmonary artery systolic pressure. Figure 5 There was no effect of gender on pePASP (P = 0.7).
pePASP, post-exercise pulmonary artery systolic pressure. accepted values for exercise pulmonary pressures in diagnosis of PH did however match the 95th centile value we obtained for the <30-year-old cohort (46 mmHg). One aspect of pePASP that clearly stands out from this study (and is in agreement with other smaller studies) is the association between age and higher levels of pePASP. 12 This appears to be due to an agerelated reduction in pulmonary vascular compliance. Also in common with smaller studies was the lack of an association between pePASP and gender. We aimed to test a normal, healthy cohort for this study and we went to great lengths to exclude those with risk factors for PH or those with heart or lung disease. Those with the highest values for pePASP in this cohort showed no evidence of exercise intolerance and gave no history of dyspnoea. In addition, they had no echocardiographic or ECG signs of right ventricular pressure overload. It is possible, but unlikely that we inadvertently uncovered a group with undiagnosed PH.
With any echocardiographic study utilizing Doppler to derive PASP certain assumptions are unavoidable and must be considered a limiting factor to the accuracy of our results. We have assumed a value of 5 mmHg for right atrial pressure due to difficulty measuring inferior vena cava diameters post-exertion. This assumed atrial pressure has been shown by others to reduce the reliability of echoderived pePASP (compared with resting, and invasively derived values). [13] [14] [15] Given the extensive literature regarding invasive validation of Doppler-derived PASP we could not ethically justify performing our own catheter validation of study.
To maintain a 'user friendly' and easily reproducible stress echo protocol we did not attempt to calculate CO, a value which is commonly inaccurate when derived by echocardiogram. Unfortunately CO is a significant determinant of PASP and can vary between individuals performing the same amount of work. 2 We recorded a modest range of pePASP values within each age cohort and these differences are, in part, due to variation in achieved CO. As there were no athletes included in our study, it is unlikely our data included examples of pePASP driven by high CO. Conceivably if a normal cohort is pushed to a high CO and hence registers a high (CO driven) pePASP this may reduce the discriminating power of the test when applied to a PH population who may achieve less CO with exercise. The extent of this confounding effect will need to be assessed in a future case-control study.
At extreme levels of CO, left atrial pressure also increases and can also become a determinate of pePASP due to pulmonary venous hypertension. We excluded this in our cohort by calculating the E/E 0 index of left atrial pressure, which did not increase after exercise in this cohort. Again, in our non-athletic population, CO-induced increases in left atrial pressure would have been unlikely.
The results of this study apply to treadmill SE only and cannot be generalized to other forms of stress such as semi-supine bicycle or dobutamine due to differences in pre-and afterload, achieved cardiac workload and lung volumes.
In conclusion, an increase of pePASP was a universal finding in this study. Age was directly correlated with pePASP, with the upper normal limit of pePASP found to be greater than that previously described. By substantially adding to the dataset of echocardiographically derived PASP, it is hoped that SE may become a more widely used tool for the assessment of pulmonary haemodynamics.
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